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Abstract 
 
Compressed air foam fire suppression systems (CAFS) were tested to measure the 
potential safety risks involved with its use compared to water. CAFS are mainly used in wildland 
firefighting, but could be more effective than water at extinguishing fires in interior settings. 
The purpose of these tests was to conclude if CAFS are safe for use in structural firefighting 
when compared to water. The tests conducted included measuring the nozzle reaction force, 
force required to kink a hose, force of friction on different walking surfaces, and the time 
required for foam and water to separate within a pressurized segment of hose. Nozzle reaction 
force was measured at flow rates between 80 and 200 GPM for compressed air foam and 
water. At each flow rate, CAFS had a greater transient and steady reaction force than those 
measured for water. The force required to kink hoses filled with CAFS was significantly higher 
than hoses filled with water while flowing and static. On five different interior floor surfaces, 
the force of friction required to pull a 200 pound weighted fire boot decreased when wet with 
water and when covered with CAFS. The tendency for the foam structure to break down and 
separate within a hose was tested using a 32 foot clear PVC pipe apparatus. After being filled 
with compressed air foam and timing the separation of solution from water, results concluded 
that separation of foam occurs over a long period of time that does not pose a threat in a real 
life situation. The average time for homogeneous flow to re-establish after the allowed 
separation was 3.6 seconds. 
  
 
2 
 
 
Table of Contents 
Abstract ......................................................................................................................................................... 1 
Acknowledgements ....................................................................................................................................... 5 
List of Figures ................................................................................................................................................ 6 
List of Tables ................................................................................................................................................. 8 
Introduction .................................................................................................................................................. 9 
Background ................................................................................................................................................... 9 
Equipment ................................................................................................................................................... 11 
GL220 MidiLogger ................................................................................................................................... 11 
S-Beam Load Cell ..................................................................................................................................... 11 
Turbine Flow Meter ................................................................................................................................ 13 
Pressure Transducer ............................................................................................................................... 16 
Reaction Force Testing ................................................................................................................................ 18 
Introduction ............................................................................................................................................ 18 
Materials and Methods ........................................................................................................................... 18 
Results/Discussion .................................................................................................................................. 20 
Conclusion ............................................................................................................................................... 30 
Recommendations .................................................................................................................................. 30 
Kink Force Testing ....................................................................................................................................... 31 
Introduction ............................................................................................................................................ 31 
Setup ....................................................................................................................................................... 31 
Equipment ........................................................................................................................................... 33 
Data ......................................................................................................................................................... 33 
Analysis ................................................................................................................................................... 34 
Theory ................................................................................................................................................. 34 
Results ................................................................................................................................................. 38 
Conclusions ......................................................................................................................................... 44 
Recommendations .............................................................................................................................. 44 
Friction Force Testing .................................................................................................................................. 45 
3 
 
Introduction ............................................................................................................................................ 45 
Test Overview ......................................................................................................................................... 45 
Calculations ............................................................................................................................................. 46 
Results ..................................................................................................................................................... 48 
Data Analysis ........................................................................................................................................... 52 
Key Findings: ........................................................................................................................................... 53 
Conclusion ............................................................................................................................................... 53 
Recommendations: ................................................................................................................................. 54 
Foam Separation Testing ............................................................................................................................ 55 
Introduction ............................................................................................................................................ 55 
Initial Testing and Proof of Concept ....................................................................................................... 55 
Final Testing ............................................................................................................................................ 57 
Results and Analysis ................................................................................................................................ 58 
Key Findings ............................................................................................................................................ 59 
Conclusion ............................................................................................................................................... 59 
Recommendations .................................................................................................................................. 59 
Works Cited ................................................................................................................................................. 60 
Appendix A – Equipment ............................................................................................................................ 61 
Appendix A.1- GL 220 Midilogger Technical Information ....................................................................... 61 
Appendix A-2 – Wiring Diagram .............................................................................................................. 66 
Appendix A-3 – Omega S Beam Load Cell Technical Information .......................................................... 68 
Appendix A-4 – Turbine Flowmeter Information .................................................................................... 70 
Appendix A-5 – Omega Pressure Transducer Technical Information ..................................................... 71 
Appendix A-6 – Task Force Tips Metro 1 ½” Combination Nozzle Technical Information ..................... 73 
Appendix B – Testing Procedures ............................................................................................................... 74 
Appendix B-1 – Reaction Force Measurement Testing Procedures ....................................................... 74 
Appendix B-2  - Kink and Pressure Testing – Conducted Simultaneously .............................................. 75 
Appendix B-3 - Friction Testing Procedures ............................................................................................ 77 
Appendix B-4 - Foam Separation Testing Procedures ............................................................................ 79 
Appendix C – Test Data ............................................................................................................................... 80 
Appendix C-1 - Reaction Force Data ....................................................................................................... 80 
Task Force Metro 1 ½” Combination Nozzle, Water ........................................................................... 80 
4 
 
Task Force Metro 1 ½” Combination Nozzle,CAFS .............................................................................. 93 
Elkhart Brass SM 20FG 1 ½” Combination Nozzle, Water ................................................................. 100 
Elkhart Brass SM 20FG 1 ½” Combination Nozzle, CAFS ................................................................... 110 
Task Force Tips 1 ¼”  Smooth Bore Nozzle, Water ........................................................................... 116 
Task Force Tips 1 ¼”  Smooth Bore Nozzle, CAFS ............................................................................. 126 
Appendix C-2 - Pressure and Hose Kinking Data ................................................................................... 134 
Task Force Tips Metro 1 ½” Combination Nozzle, Water ................................................................. 134 
Task Force Tips Metro 1 ½” Combination Nozzle, CAFS ................................................................... 155 
Appendix C-3 – Friction Data ................................................................................................................ 166 
Heavy Weave Carpet- Dry ................................................................................................................. 166 
Heavy Weave Carpet – Wet .............................................................................................................. 168 
Heavy Weave Carpet – 0.3% CAFS Foam Solution ............................................................................ 170 
Polished Concrete – Dry .................................................................................................................... 173 
Polished Concrete – Wet................................................................................................................... 175 
Polished Concrete – 0.3% CAFS Foam Solution ................................................................................ 177 
Hardwood Floor – Dry ....................................................................................................................... 179 
Hardwood Floor – Wet ...................................................................................................................... 181 
Hardwood Floor – 0.3% CAFS Foam Solution ................................................................................... 184 
Vinyl Tile – Dry .................................................................................................................................. 185 
Vinyl Tile – Wet ................................................................................................................................. 188 
Vinyl Tile – 0.3% CAFS Foam Solution ............................................................................................... 190 
Medium Weave Carpet – Dry............................................................................................................ 192 
Medium Weave Carpet – Wet .......................................................................................................... 194 
Medium Weave Carpet – 0.3% CAFS Foam Solution ........................................................................ 196 
 
 
  
5 
 
Acknowledgements 
 
We would like to thank Dr. Chris Pascual, Dr. Fred Mowrer, Dr. Chris Dicus, Dr. Thomas Korman, Chief 
Dan Turner, Chief Mark Miller, Sean Mitchell, Tyson Hamilton, Ryan Maloney, and the staff of the 
Cambria and Morro Bay Fire Departments for their advice, experience, flexibility, patience, and help in 
completing this project.   
6 
 
List of Figures 
 
Figure 1-The fire triangle showing the 3 necessary components to produce fire4 .................................... 10 
Figure 2- GL220 MidiLogger6 ....................................................................................................................... 11 
Figure 3 – S-Beam Load Cell7....................................................................................................................... 12 
Figure 4 – Calibration data for S-beam Load Cell from Omega’s spec sheet and our own compression and 
tension calibrations ..................................................................................................................................... 13 
Figure 5 – Turbine Flow Meter.................................................................................................................... 13 
Figure 6-Flow Meter Calibration ................................................................................................................. 15 
Figure 7 – Pressure Transducer9 ................................................................................................................. 16 
Figure 8 – Pressure Transducer Calibration Curve ...................................................................................... 17 
Figure 9-Nozzle reaction force apparatus with force transducer. .............................................................. 18 
Figure 10-From left to right: Task Force Tip 1 1/4" smooth bore nozzle, Elkhart Brass SM 20FG 1 1/2" 
combination nozzle, Task Force Tip Metro 1 1 1/2" combination nozzle. ................................................. 19 
Figure 11- Force and flow readings over time showing the transient and steady regions where data was 
taken for the Elkhart Brass Nozzle at 100GPM for water only. .................................................................. 20 
Figure 12-Transient force versus flow data for CAFS and water for the Elkhart SM 20FG 1 ½” combination 
nozzle. ......................................................................................................................................................... 20 
Figure 13-Transient force versus flow data for Task Force Tip Metro 1 1 ½” combination nozzle. ........... 21 
Figure 14-Transient force versus flow data for Task Force Tip 1 ¼” smooth bore nozzle. ......................... 21 
Figure 15-Steady force and pressure vs. flow rate for Elkhart Brass 1 ½” Combination Nozzle. ............... 22 
Figure 16-Steady force and pressure vs. flow rate for Task Force Tips 1 ½” Combination Nozzle. ............ 22 
Figure 17-Steady force and pressure vs. flow rate for Task Force Tips 1 ¼” Smooth Bore Nozzle. ........... 23 
Figure 18-Measured vs. calculated reaction force at different flow rates for Task Force Tips 1 ¼” smooth 
bore nozzle. ................................................................................................................................................. 25 
Figure 19-Measured vs. calculated reaction force at different flowrates for Task Force Tips 1 ½” 
combination nozzle. .................................................................................................................................... 26 
Figure 20-Reaction force vs. pressure for Task Force Tips 1 ¼” smooth bore nozzle with 75 pounds 
reaction force and 50 psi labeled................................................................................................................ 28 
Figure 21-Reaction force vs. pressure for Elkhart Brass 1 ½” combination nozzle with 75 pounds reaction 
force and 100 psi labeled. ........................................................................................................................... 28 
Figure 22-Reaction force vs. pressure for Task Force Tips 1 ½” combination nozzle with 75 pounds 
reaction force and 80 psi labeled................................................................................................................ 29 
Figure 23- Testing set up for hoe kinking tests using winch, force transducer, and rotation kinking 
apparatus. ................................................................................................................................................... 31 
Figure 24 – Free Body Diagram of force transducer showing                               . 32 
Figure 25 – Kink apparatus setup during testing ........................................................................................ 32 
Figure 26 – Example of raw data from testing kinking force of a fire hose flowing at 180 GPM. .............. 33 
Figure 27 - Not Drawn to scale ................................................................................................................... 37 
Figure 28-Kink apparatus force free body diagram .................................................................................... 38 
7 
 
Figure 29-Kinking force for hose flowing water .......................................................................................... 41 
Figure 30-CAFS Kink Testing Data ............................................................................................................... 42 
Figure 31 – A comparison of the forces required to kink water and CAFS. ................................................ 42 
Figure 32 – Water and pressure flowrate drop due to kinking .................................................................. 43 
Figure 33 – CAFS flowrate and pressure drop ............................................................................................ 43 
Figure 34-Equipment setup for friction tests .............................................................................................. 46 
Figure 35-Friction force apparatus diagram ............................................................................................... 46 
Figure 36-Free body diagram showing steady forces applied to boot ....................................................... 47 
Figure 37-Free body diagram of forces on force transducer ...................................................................... 47 
Figure 38-Force required to pull the boot along hardwood floor covered with CAFS foam solution. ....... 48 
Figure 39-Average force required to overcome static friction between the weighted fire fighter boot and 
each test surface. Coefficients of friction are presented at the top of each datum bar. ........................... 51 
Figure 40-Average force required to sustain fire boot motion along each test surface, resisted by kinetic 
friction. Coefficients of friction are presented at the top of each datum bar. ........................................... 51 
Figure 41- Initial foam separation test set up with 32 foot clear PVC apparatus. ...................................... 56 
Figure 42- Water/foam separation line in 32 foot section of clear PVC pipe. ............................................ 56 
Figure 43-Results from foam separation tests. The blue line indicates the origin of the bubbles moving 
up the pipe, and the red line shows the location of the line of separation. .............................................. 57 
Figure 44- Final foam separation test set up using 16 feet of clear PVC pipe secured to an A frame ladder
 .................................................................................................................................................................... 58 
 
 
 
 
 
 
 
 
 
 
 
 
 
8 
 
List of Tables 
 
Table 1-S-beam load cell calibration data using 10V and 5V excitation ..................................................... 12 
Table 2-Flow meter calibration data ........................................................................................................... 14 
Table 3–Calibration data for pressure transducer comparing voltage with pressure ................................ 16 
Table 4- K factors for water and CAFS for all three nozzles. ....................................................................... 27 
Table 5- Refined data from kink testing for water ...................................................................................... 39 
Table 6-Theoretical Force for water ........................................................................................................... 39 
Table 7-Refined data from kink testing for CAFS ........................................................................................ 39 
Table 8-Theoretical Force for CAFS ............................................................................................................. 40 
Table 9-Summary of peak and steady forces required to pull fire fighter boot along each test surface 
under all test conditions. Values presented are the average of 3 test trials for each condition. .............. 49 
Table 10-Summary of static and kinetic coefficients of friction between the fire fighter boot and each 
test surface under specified test conditions. Values presented are calculated using the average peak and 
steady forces required to pull the boot along the test ............................................................................... 50 
Table 11-Percent reduction of coefficients of friction due to the application of water and CAFS to dry 
surfaces. ...................................................................................................................................................... 52 
Table 12-Summary data sheet for data collected for final foam separation testing, including time for 
homogenous CAFS flow to be developed, the pressure and air content of the test, and the length of the 
air that separated out of the 0.3% CAFS mixture. ...................................................................................... 58 
 
 
 
 
 
 
 
 
 
 
 
 
 
9 
 
Introduction 
 
This project was a continuation of a senior project from 2012 where potential safety risks involved with 
the use of compressed air foam systems (CAFS) were evaluated and compared to water.1The purpose of 
this project was to continue this study by comparing CAFS to water by measuring the following 
parameters: 
 Nozzle reaction force caused by fluid flow 
 Force required to kink a hose filled with CAFS versus water while static and flowing 
 Force of friction on different walking surfaces covered in CAFS and water 
 Separation of foam and water within a pressurized vertical section of hose 
The first three tests mentioned were all performed by the previous project group, but were repeated 
with highly precise equipment in order to gain more accurate results. The last test, measuring 
separation of air from solution, was a new test to be completed. 
 
Background  
 
CAFS is a mixture of three components: water, foam solution, and compressed air.2 Water is the main 
component and is important due to its ability to absorb large quantities of heat because of its high heat 
capacity. This is what makes water effective at extinguishing fires alone. The second component is the 
foam solution, which is a surfactant similar to soap or detergent. There are different types of foam and 
different mixing ratios, but all tests conducted in this study used a Class A foam added to water at 0.3%. 
Class A foams are used on Class A fires, which are carbon based fires, and the most common for use in 
structural firefighting.2 Other foams exist for use with Class B fires, which are hydrocarbon fires.2 The 
foam solution is added to decrease the surface tension of the water and allow the foam structure to be 
created when combined with the compressed air. Decreasing the surface tension of the water allows the 
solution to create bubbles that increase the surface area of the foam. The third component is the 
compressed air. The air, when combined with the foam solution and water, helps to create the bubble 
structure and increase the surface area.  
 
CAFS are mainly used in wildland firefighting, but there are certain advantages that can make CAFS a 
better alternative than water for use in interior firefighting as well. These advantages include quicker 
knockdown of fire and lighter hoses that are easier to maneuver and cause less fatigue.3 The advantages 
of CAFS can be better understood when thinking of the fire triangle (Figure 1). 
10 
 
.  
Figure 1-The fire triangle showing the 3 necessary components to produce fire
4 
 
The fire triangle shows that fires required fuel, heat, and oxygen in order to burn. By removing on of 
these components, a fire can be extinguished. Water is effective at extinguishing fires by removing the 
heat, but this is only one part of the fire triangle. The decreased surface tension and increased surface 
area of CAFS allows a blanket of foam to be created that can cover the fuel from the oxygen and absorb 
heat at the same time, since the main component is water, removing all three sides of the fire triangle. 
Other advantages are that the foam can penetrate large piles of fuel preventing ignition or re-ignition, 
due to the decreased surface tension.3 The foam structure is also useful in coating and sticking to 
vertical surfaces to protect them from ignition, where water would normally just run off. Because of 
these reasons, CAFS can be up to five times more effective than water extinguishing fires.5 Since CAFS 
can extinguish fires faster than water alone, less water is used in the process. Using less water is 
important in situations where a large supply might not be available and also, in order to reduce water 
damage to buildings. A flow rate of 250 gallons per minute (GPM) can add one ton of weight to a 
building per minute.2 This added weight can lead to building collapses, which could cause serious 
injuries to firefighters or civilians.  
 
There are some negative views associated with the use of CAFS. Mainly, firefighters feel that water has 
always been used to extinguish fires, so there is no need to change this. There are also potential safety 
risks that have been mentioned by firefighters while using CAFS. These safety risks include a higher 
reaction force, CAFS hoses being easier to kink than water hoses, CAFS creating a slippery surface, and 
air separating from the solution, inhibiting flow.  
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Equipment 
 
The equipment used for initial testing was limited to inaccuracies of the device and human 
error. The project scope required the use of equipment with less uncertainty in order to solidify previous 
test results. 
GL220 MidiLogger 
The main device we used was the GL220 MidiLogger to record all the data in real time from the 
sensors in the tests (Figure 2). The logger had a sampling rate of 10 ms to enable us to observe the 
behavior of each test with high resolution. The uncertainty associated with this device is ±0.1%.6 For 
more details on the GL220 MidiLogger please see Appendix A-1. The sensors connected to the GL220 
MidiLogger are an S-beam load cell, turbine flow meter, and pressure transducer and described below. 
 
 
Figure 2- GL220 MidiLogger
6
 
 
S-Beam Load Cell 
 
The purpose of the load cell was to measure the reaction force of the 1½” nozzle on a typical fire hose 
used by fire fighters (Figure 3). The load cell is equipped with a wheatstone bridge located internally 
with a nominal resistance of 350 Ω. The load cell also has four wires connected to it, the wire colors 
include red, black, green, and white. The red and black wires are used for the excitation source and the 
white and green wires are the output signal from the load cell (Note: the white and green wires can be 
wired interchangeably, reversing their wiring will only change the output polarity). For more information 
on wiring the load cell to the GL220, see Appendix A-2. 
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Figure 3 – S-Beam Load Cell7 
The calibrated data provided by the manufacturer was performed under an excitation of 10 Vdc, 
but we performed tests with the load cell while it was under a 5 Vdc excitation. The output voltage from 
the load cell is directly proportional to the excitation voltage so conceptually the output voltage 
correlates to half the weight specified by the 10 Vdc excitation calibration (Figure 4). We did our own 
calibration for an excition of 5 Vdc with weights of known mass. The following is the calibration for both 
10 Vdc and 5 Vdc: 
 
Table 1-S-beam load cell calibration data using 10V and 5V excitation 
   Normalized Output Data  
Weight (lb)  10 Vdc   5 Vdc  
0 lb  0.000   0.0000  
75 lb  15.023   7.1230  
150 lb  30.013   14.4184  
Calibration       
Curve Weight = 10.2881*Output - 0.1616 Weight = 4.9975*Output - 0.002 
 
13 
 
 
Figure 4 – Calibration data for S-beam Load Cell from Omega’s spec sheet and our own compression and 
tension calibrations 
This data can be entered into the GL220 under the EU feature on the device. The uncertainty 
associated with this device is ±0.25% or ±0.112 lb.7 For more details on the load cell, see Appendix A-3. 
 
Turbine Flow Meter 
The turbine flow meter is used to measure the flow rate at which the water or CAFS is flowing for the 
reaction force and hose kinking tests (Figure 5). 
 
Figure 5 – Turbine Flow Meter 
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The flow meter requires a pulse module installed to it along with a B-513 cable in order for the 
flow meter to interact with the GL220. For more details on wiring, see Appendix A-1 for a wiring 
schematic. The flow meter measures GPM and comes with calibration data seen relating GPM to hertz 
(rev/s), but the GL220 measures RPM. This requires an extra conversion factor so we can go from RPM 
to GPM on the GL220. 
1 Hz*(60 sec/1 min) = 60 RPM 
1 Hz = 60 RPM 
The conversion factor we used is: 
100 RPM = 1 GPM 
because the GL220 unit can only input whole numbers into the EU feature for pulse readings. 
 
Table 2-Flow meter calibration data 
Calibration Data 
Flow Rate (GPM) Frequency (Hz) RPM 
200.0095 338.2683 20296.098 
151.2962 254.8196 15289.176 
100.1295 169.2072 10152.432 
55.6047 93.6729 5620.374 
0.0000 0.0000 0 
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Figure 6-Flow Meter Calibration 
 
This conversion factor can be inputted into the EU feature on the GL220 unit. The uncertainty 
associated with this device is unknown due to lack of information from the manufacturer and because 
the EU feature is only accurate to a whole number, the uncertainty is ±1.54 RPM or ±0.0154 GPM.8 For 
more info on the turbine flow meter, see Appendix A-4.  
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Pressure Transducer 
 
The purpose of the pressure transducer is to measure the pressure at the nozzle (Figure 7). This way the 
pressure transducer takes in account all head losses that occur through the fire hose before exiting 
through the nozzle. 
 
Figure 7 – Pressure Transducer9 
 
The pressure transducer’s output is not directly proportional to the input excitation as long as 
the excitation source is within a range, 7-35 V in this case. We used a 12 Vac adapter for the transducer 
to power operational amplifiers in the transducer. For more details on wiring, see Appendix A-1 for the 
wiring schematic. Since the output isn’t related to the input voltage, we used the manufacturer’ 
calibration data seen in Table 3. 
 
 Table 3–Calibration data for pressure transducer comparing voltage with pressure 
 Calibration Data 
Pressure (psi) Voltage (V) 
0 0.0013 
100 2.5094 
200 4.9957 
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Figure 8 – Pressure Transducer Calibration Curve 
 
The uncertainty associated with this device is ±1.5% for output values.9 This would give an uncertainty of 
±3 psi. For more information on the pressure transducer, see Appendix A-5. 
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Reaction Force Testing 
Introduction 
One of the reported safety risks involved in the use of CAFS is that there may be an increased reaction 
force at the nozzle when compared to water alone. It is believed that this increased nozzle reaction 
force is due to the presence of pressurized air that is mixed in with the water and foam solution. The 
higher reaction force could potentially be dangerous for firefighters who are unprepared for a greater 
force than is expected from water alone. If the reaction is significantly higher for CAFS, multiple 
firefighters could be required to hold a single line where normally only a single firefighter is required on 
a water line. In addition to the reaction force during steady flow, the transient reaction force when the 
nozzle is initially opened could be a concern due to the initial burst of air from the nozzle while the CAFS 
solution reestablishes the proper mixture. The purpose of this test was to compare the transient and 
steady reaction forces for CAFS and water at different flow rates for different nozzles.  
 
Materials and Methods 
 In order to measure the transient and steady reaction forces for CAFS and water, the testing apparatus 
from the previous project group was used (Figure 9). To improve on the accuracy of the measurements, 
an Omega force transducer was installed onto the apparatus to replace the scale that was previously 
used. The apparatus works by converting the horizontal force due to the flow from the hose to the 
vertical force measured by the force transducer by equal moment arms about the point of rotation. This 
way, the force could easily be measured by measuring the compression force resulting from the rotating 
portion of the apparatus.  
 
Figure 9-Nozzle reaction force apparatus with force transducer. 
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The turbine flow meter was also hooked up in line with the 2.5” intake line between the hydrant and fire 
engine. The flow meter was placed before the truck so the engineer could bypass the tank on the engine 
and the incoming flow would be the same as the flow leaving the nozzle. This way, an accurate flowrate 
of water would be measured before the air and foam solution were mixed in and the reaction forces for 
CAFS and water could be compared at the same flowrates.  
The first round of testing was performed at Santa Lucia Middle School in Cambria using the Water 
Tender from Cambria Fire Department. Using the apparatus with the force transducer and the flow 
meter, reaction forces were measured at flow rates between 70 and 200 GPM for CAFS and water using 
three different nozzles. The nozzles tested were Task Force Tip 1 ¼” smooth bore, Elkhart Brass SM 20FG 
1 ½” combination, and a Task Force Tip Metro 1 1 ½” combination (Figure 10). For water, all three 
nozzles were tested at flow rates between 100 and 200 GPM in increments of 20 GPM. Since CAFS 
operates at higher pressures than water, all of the same flow rates could not be tested, so for CAFS the 
three nozzles were tested at flow rates between 70 and 140 GPM. Three test runs were completed at 
each flow rate and for each nozzle using water and CAFS. Detailed set up and experimental procedures 
can be found in Appendix B-1. 
 
Figure 10-From left to right: Task Force Tip 1 1/4" smooth bore nozzle, Elkhart Brass SM 20FG 1 1/2" 
combination nozzle, Task Force Tip Metro 1 1 1/2" combination nozzle. 
 
After the first round of testing, it was decided that the pressure reading from the fire engine was not 
accurate enough, so the tests would be repeated with an Omega pressure transducer installed between 
the hose and nozzle to give accurate nozzle pressure readings. Due to time constraints, only the 
pressures were measured on the next day of testing and not the reaction force. Pressures were 
measured at all of the flow rates that the reaction force was measured at, so the pressure data could be 
combined with the previous reaction force data. Now reaction force and pressure were all accurately 
measured at different flow rates.  
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Results/Discussion  
In order to determine the transient and steady reaction forces, the flow rate and reaction force were 
plotted over time for each test (Figure 11). The transient force was taken as the initial peak when the 
nozzle is first opened and the flow rate is establishing. The steady force was averaged over the time 
once the flow had leveled out. This was done for multiple trials at each flow rate for each nozzle with 
CAFS and water. The results were then averaged and are shown in Figure 12-Figure 17 including the 
measured pressures. Raw data for each trial can be found in Appendix C-1.  
 
 
Figure 11- Force and flow readings over time showing the transient and steady regions where data was taken 
for the Elkhart Brass Nozzle at 100GPM for water only. 
 
Figure 12-Transient force versus flow data for CAFS and water for the Elkhart SM 20FG 1 ½” combination 
nozzle. 
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Figure 13-Transient force versus flow data for Task Force Tip Metro 1 1 ½” combination nozzle. 
 
 
 
Figure 14-Transient force versus flow data for Task Force Tip 1 ¼” smooth bore nozzle. 
 
In Figure 12-Figure 14, the transient force for all flowrates is greater than the steady force at the same 
flowrate. This was true for all three nozzles and for CAFS and water. As expected, there is a greater force 
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compressed air with CAFS. The relationship between pressure and steady reaction force can be seen in 
Figure 15-Figure 17. 
 
Figure 15-Steady force and pressure vs. flow rate for Elkhart Brass 1 ½” Combination Nozzle. 
 
Figure 16-Steady force and pressure vs. flow rate for Task Force Tips 1 ½” Combination Nozzle. 
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Figure 17-Steady force and pressure vs. flow rate for Task Force Tips 1 ¼” Smooth Bore Nozzle. 
 
The Elkhart Brass combination nozzle showed a slightly greater reaction force for CAFS than water at 
each flow rate (Figure 15).Out of all three nozzles, the Elkhart Brass nozzle had the closest reaction force 
values between CAFS and water. This close relationship can be attributed to the similar pressure values 
for CAFS and water at each flow rate. Since the nozzle operates at similar pressure, the reaction force 
will be similar at each given flow rate. The Task Force Tips combination nozzle showed the same trend of 
CAFS having a higher reaction force and pressure than water, but had a greater variance between 
measurements at each flow rate (Figure 16). The Task Force Tip Smooth bore nozzle had the same trend 
of a higher pressure and reaction force for CAFS than water, but showed the greatest difference 
between the two (Figure 17). The reason for the large difference at lower flow rates is that the nozzle is 
meant to operate at 50 psi and water did not reach 50 psi until 160GPM. The first three test points for 
water were below the standard operating pressure of 50 psi and had very weak discharge streams 
resulting in the low reaction forces. The close relationship to pressure at the nozzle and reaction force is 
shown through the following analysis. 
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Using the Linear Momentum Equation: 
    
 
  
   
  
       
  
       
                                    
       
    
              
       
    
Using Conservation of Mass: 
            
   
 
  
                    
 
  
    
  
  
  
  
               
  
  
  
   
           
   
  
 
   
  
 
 
 
The largest contribution to the reaction force in Equation 1 is the first term, P1gA1 which is the measured 
pressure at the nozzle times the discharge area of the nozzle. This shows that the higher the pressure is 
at the nozzle, the higher the nozzle reaction force, which is a trend the data shows. Using this equation, 
the theoretical reaction force can be calculated since the nozzle pressure and flow rate were measured. 
Calculations were only possible for water since the density of the foam was not known and air flow rate 
measurements from the fire truck were not considered accurate. The connector where the pressure 
transducer was attached had a 1 ½” diameter, so the first two terms in the equation could be calculated 
for each nozzle. Since the discharge area, A2, of the smooth bore nozzle was known (diameter=1 ¼”), the 
PatmA2 
+x 
       
      
       
Patm(A1-A2) 
Frxn 
P1A1 
A2 A1 
+y 
Free Body Diagram Mass Flux Diagram 
[Equation 1] 
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theoretical reaction force could be calculated and compared against the measured steady state results 
(Figure 18). 
 
Figure 18-Measured vs. calculated reaction force at different flow rates for Task Force Tips 1 ¼” smooth 
bore nozzle. 
These calculated values are greater at the lower flow rates, but become very close at the higher flow 
rates. This could be because the lower flow rates were below the standard operating pressure of 50 psi, 
so the stream was very weak when leaving the nozzle giving a small force. Once the pressure reached 50 
psi, at 160GPM, the force had a large jump and began to follow the trend of the calculated forces very 
closely.  
In order to calculate the theoretical reaction force for the Task force Tips 1 ½” combination nozzle, the 
discharge area, A2, needed to be known first. This information could not be found from the 
manufacturer, but using other manufacturer information in Appendix A-6, it could be calculated using 
Equation 1. It was reported that at 150 GPM, the nozzle pressure should be 50 psi and have a reaction 
force of about 55 pounds.10 Once the discharge area was approximated, the theoretical reaction force 
was calculated using the measured flow rates and pressures, then compared to the measured reaction 
forces (Figure 19). 
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Figure 19-Measured vs. calculated reaction force at different flowrates for Task Force Tips 1 ½” combination 
nozzle. 
 
Other than the peak at 160 GPM for the measured forces, both curves follow the same trend. It would 
be expected that the theoretical values would be slightly greater than the measured forces due to losses 
through the nozzle since the pressure reading was taken directly behind the nozzle.  
When comparing reaction force data between nozzles, it is apparent that each nozzle shows different 
trends in the difference between reaction force for CAFS and water. This is due to the k factor for each 
nozzle. The k factor is a constant for the nozzle that relates pressure and flowrate.  
      
  
 
  
 
In terms of pressure, a nozzle with a high k factor would not require a lot of pressure to discharge a large 
volume of water while a nozzle with a lower k factor would require a larger pressure to discharge more 
water. This can be seen in Table 4 where the smooth bore nozzle has the highest k factor at each flow 
rate. This is because the smooth bore nozzle has the largest exit area so it can discharge the most water 
at the lowest pressure.  
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Table 4- K factors for water and CAFS for all three nozzles. 
Flow Rate Smooth Bore Elkhart Brass 1 1/2" Task Force Tips 1 1/2" 
 (GPM) Water CAFS Water CAFS Water CAFS 
70 --- 9.23 --- --- --- --- 
80 --- 10.02 --- 8.6 --- 9.07 
100 24.04 11.83 10.78 10.68 18.89 10.76 
120 24.08 13.15 12.34 12.55 19.2 12.58 
140 24.12 15.18 14.03 14.2 19.41 14.69 
160 24.21 --- 15.43 --- 19.67 --- 
180 24.46 --- 16.92 --- 19.83 --- 
200 24.36 --- 18.43 --- 20.02 --- 
 
Looking at the k factors for each nozzle, the Elkhart Brass nozzle has k factors very similar between 
water and CAFS. This is the reason why there is not a large difference between the CAFS and water 
reaction force measurements for this nozzle in Figure 15. The other two nozzles have a significant 
difference in their k factors between CAFS and water, both with lower k factors for CAFS. The reaction 
force data correlates with this fact since the reaction force is greater for CAFS than water for each of 
these two nozzles. A lower k factor, at the same flow rate, means a higher pressure which results in a 
greater reaction force. It would be expected that the smooth bore nozzle would have the highest k 
factor out of all three nozzles because the smooth bore nozzle has the largest discharge area and can 
discharge a higher flow rate much easier than the other two nozzles. The k factor for the Task Force Tips 
1 ½” combination nozzle was listed on the nozzle to be 21.2 at 150 GPM and 50 psi. All of the calculated 
k factor values are close to this value because it is a fixed gallonage nozzle, so as flow rate increases 
pressure increases exponentially, according to Equation 2. The Elkhart Brass 1 ½” combination nozzle 
differs because it is a pressure regulating nozzle.11 For this nozzle, the k factor for water increases 
linearly because pressure increases linearly as flow rate is increased.   
 
The Cambria firefighters reported safe operation of 100 psi nozzle pressure for the Elkhart Brass 1 ½” 
combination and 50 psi nozzle pressure for a smooth bore nozzle flowing water.12 At these pressures, 
the reaction force for both nozzles was approximately 75 pounds. A conclusion can be made that this is 
the maximum reaction force a single firefighter should experience. The Task Force Tips combination 
nozzle reached a reaction force of 75 pounds at approximately 60 psi nozzle pressure, but had a dip back 
to 75 pounds at 80 psi, so this will be assumed where the maximum safe operating pressure is. In order 
to assess if CAFS truly has a dangerous reaction force when compared to water, reaction force can be 
plotted against pressure (Figure 20-Figure 22) 
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Figure 20-Reaction force vs. pressure for Task Force Tips 1 ¼” smooth bore nozzle with 75 pounds reaction 
force and 50 psi labeled. 
 
Figure 21-Reaction force vs. pressure for Elkhart Brass 1 ½” combination nozzle with 75 pounds reaction 
force and 100 psi labeled. 
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Figure 22-Reaction force vs. pressure for Task Force Tips 1 ½” combination nozzle with 75 pounds reaction 
force and 80 psi labeled. 
 
When comparing reaction force with pressure, CAFS appears to have a lower reaction force than water 
for most pressures. The line on each graph marks the pressure when the reaction force was 75 pounds 
for water. For the smooth bore nozzle, there are not data points at this line, but the curve shows that 
the reaction force exceeds 75 pounds for water before it would for CAFS. For this nozzle, CAFS can 
operate at higher pressures than water before exceeding 75 pounds of reaction force. The Elkhart Brass 
combination nozzle has very similar reaction forces and pressures. At its standard operation pressure of 
100 psi, CAFS has a slightly higher reaction force than water, but at pressures lower than this CAFS 
actually has a smaller reaction force than water. The Task Force Tips 1 ½” combination nozzle showed a 
significantly lower reaction force for CAFS when operating at the same  
Rewriting Equation 1: 
            
  
 
  
   
 
  
  
The first term can be ignored since the nozzles are being compared at the same pressure and the area 
does not change. The second term will be negative since A2 is smaller for each nozzle. Because of this, 
CAFS will result in a larger negative number since it has a higher volumetric flow rate, Q, due to the 
greater volume of air that is also flowing with the water. Although the density for CAFS is also smaller, 
the increased volumetric flow rate will cause the second term to be a greater negative value for CAFS 
than for water, resulting in a lower reaction force.  
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Conclusion 
 
Since firefighters tend to operate based off of nozzle pressure rather than flow rate, it can be shown 
that CAFS will actually result in a lower reaction force when used at the same pressure as water. Since 
pressure is dependent on equipment, including hose size and type of nozzle, flowrate could be a better 
way to compare reaction force in different conditions. Reaction force for CAFS was higher than water 
when compared by flowrate due to the higher operating pressure of CAFS. Since CAFS operates at higher 
pressures than water at the same flow rate, CAFS cannot be used at the same flowrates as water or else 
there will be too great of a reaction force.  
 
Recommendations  
 
If these tests were to be repeated, it should be ensured that each test run is an appropriate length of 
time. The first tests conducted, water for the Task Force Tips combination nozzle, appeared to be too 
short because flow had not fully stabilized. The force and flow vs. time graphs (Figure 11) did not 
establish a long horizontal plateau that would give an accurate steady force. Also, the pressure and 
reaction force measurements should be taken simultaneously. Since reaction force was measured 
before the pressure transducer was purchased, the pressure was measured on a different day under the 
same conditions, but without force measurements since the transducer was being used for kink testing.  
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Kink Force Testing 
Introduction 
 
In the world of fire fighting there lies a problem with hoses kinking while fighting a fire because 
this problem has been known to hinder flow through hoses. It has been long debated on whether the 
force to kink a hose will be different for a hose flowing CAFS compared to water. We have developed a 
test that captures this quantity in order to prove this debate right or wrong. This test has been designed 
to collect the necessary force to kink the hose, pressure drop, and flowrate drop. 
 
Setup 
 
The kink apparatus is comprised of two parts, the platform and the disk. The kink apparatus is 
setup underneath the fire hose being tested so that it lies between the center post and lever post (outer 
post) shown in Figure 23 
 
Figure 23- Testing set up for hoe kinking tests using winch, force transducer, and rotation kinking apparatus. 
 
The apparatus is staked to the ground so that it will not move. The disk is between the platform 
and fire hose and is attached to a cable that can wind around the disk. The cable is attached to a load 
cell that measures the forces when testing. Another cable connects the opposite end of the load cell to a 
winch. The setup of the kink test is shown in Figure 25. 
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Figure 24 – Free Body Diagram of force transducer showing                              
 
Figure 25 – Kink apparatus setup during testing 
The end of the hose has a nozzle and pressure transducer measuring psi attached to it, which is 
being held by the reaction force device. The flow is coming from an authorized fire vehicle, called a 
water tender, where there is a flow meter in line with the fire hose to measure the flow rate in GPM. For 
more info on procedures and setup for the kink test, see Appendix B-2. 
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Equipment 
 
The hose kink measurement apparatus has been modified by placing cart wheels in the base 
board upside down so that the pivoting disk rests on top of them and therefore spin with greater ease 
and less friction. 
New Equipment 
 Load cell 
 Pressure Transducer 
 Flow Meter 
 
For info on the new equipment used, see section equipment. 
Original Design 
All info on original design is in the report called Compressed Air Foam Fire Grounds Evolution 
Tests under chapter 4.2 – Hose Kink Force Measurement Apparatus.1 
 
Data 
Figure 26 is an example of some raw data that was collected. The plot indicates the force, 
pressure, and flow rate of the test with respect to time. In this test, we wanted to find the greatest force 
needed to kink a 1 ¾” fire hose, while measuring the difference in flow rate and pressure. All raw data 
can be found in Appendix C-2.
 
Figure 26 – Example of raw data from testing kinking force of a fire hose flowing at 180 GPM. 
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When analyzing this data, we took the peak force as the force required to kink the hose because 
that is when the initial kinking of the hose began. Furthermore, it is obvious just from looking at the data 
collected that there is a significant flow and pressure drop when the hose is kinked. This is quantitative 
proof that there is a reduction in flow through the hose. 
Analysis 
Theory 
 
Flowing 
We want the full force exhibited on the kink of the hose. If we simplify the problem down to 
basics, this can be structured as a jet stream hitting a wall. The force of the jet stream is the force 
working to unkink the hose. The force required to kink the hose can be calculated using conservation of 
momentum theory 
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Free Body Diagram 
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where c is 15.5 from table 13.3.8 of the NFPA Fire Protection Handbook, q is flowrate, and L is the length 
of hose.13 
 
Assumptions 
 It will be assumed that all flow in the x direction will come to a complete stop at the hose kink. 
 
 
               
    
 
              
    
 
       
 
  
  
  
  
  
 
           
   
  
 
 
     is the force seen at the kink, but the load cell is measuring the force with a different lever arm. The 
lever arm is estimated to be        5 inches for      while the lever arm for       is about        12 
inches (Figure 27). 
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Figure 27 - Not Drawn to scale 
 
                          
 
      
        
     
 
 
We assumed that             = 0.417 from just looking at the apparatus and calculations 
suggest that this is a reasonable assumption because the model is accurate to the measured values. 
 
Static 
 When the hose is closed and static conditions exist, the work done on the system from the 
volume change from kinking is what constitutes the reaction force. The reaction force,     , is 
determined by the following equation derived from conservation of energy theory: 
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Figure 28-Kink apparatus force free body diagram 
 Where      = 4 in and assume ∆V = 3 in
3 
 Assume the force,     , is constant throughout the motion of the apparatus for calculations 
Figure 28 depicts the place where the force,       approximately reaches its peak. The theory assumes 
that      remains constant, this is a reasonable assumption because the rise in force is close to vertical 
as seen in Figure 26. We don’t know exactly the change in volume, only assume as to what it could be, 
but 3 in3 proves to be a reasonable assumption because it models the measured values accurately. 
 
Results 
 
The kink test was performed with the nozzle Montgomery fire department gave to us. It is a 
Taskforce 1 ½” combination nozzle and is fixed gallonage, meaning it will not regulate the flow out of 
the nozzle itself. All the raw data collected for the kink testing is refined and displayed in Table 5 and 
Table 7, for water and CAFS respectively, and the theoretical forces for water and CAFS are calculated 
and displayed in Table 6 and Table 8, respectively. The reason why we didn’t test CAFS at flowrates as 
high as water is because fire fighters typically do not operate CAFS beyond 100 GPM, unlike water which 
can typically be run at 150 GPM and sometimes higher. 
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Table 5- Refined data from kink testing for water 
Actual Kink 
Pressure (psi) 
Kink Calibrated Measured Kinking Force (lb) 
Flowrate (GPM) Flow (GPM) Pressure (psi) trial 1 trial 2 trial 3 average 
97.23 93.40 26.49 23.83 48.53 43.28 56.89 49.57 
Static 0 132.85  103.31 102.77 91.97 99.35 
117.99 109.00 37.77 32.16 64.81 69.28 74.40 69.50 
Static 0 133.79  108.84 98.94 101.97 103.25 
139.69 123.69 51.78 40.79 90.66 85.18 84.12 86.65 
Static 0 134.18  81.50 77.46 66.81 75.26 
161.16 125.55 67.12 42.18 72.37 57.07 61.67 63.70 
Static 0 165.24  107.20 125.87 128.54 120.54 
181.58 160.23 83.85 63.87 102.64 109.90 102.05 104.86 
Static 0 213.42  157.43 160.13 164.94 160.83 
201.56 173.85 101.39 76.06 125.38 120.93 123.09 123.13 
Static 0 250.00  174.51 180.73 164.32 173.19 
Table 6-Theoretical Force for water 
Flowrate Velocity ∆V Nozzle Pressure Kink Force Theoretical Measured 
(ft³/s) (ft/s) (in³) (psi) (lb) Force (lb) 
0.22 12.98 3.00 36.41 106.38 44.36 
0.00 0.00 3.00 132.85 99.64 99.64 
0.26 15.75 3.00 47.69 148.34 61.86 
0.00 0.00 3.00 133.79 100.34 100.34 
0.31 18.64 3.00 61.70 204.24 85.17 
0.00 0.00 3.00 134.18 100.64 100.64 
0.36 21.51 3.00 77.04 271.06 113.03 
0.00 0.00 3.00 165.24 123.93 123.93 
0.40 24.23 3.00 93.77 348.24 145.22 
0.00 0.00 3.00 213.42 160.07 160.07 
0.45 26.90 3.00 111.31 435.57 181.63 
0.00 0.00 3.00 250.00 187.50 187.50 
Table 7-Refined data from kink testing for CAFS 
Actual Kink Pressure Kink Calibrated Measured Kinking Force (lb) 
Flowrate (GPM) Flowrate (GPM) (psi) Pressure (psi) trial 1 trial 2 trial 3 trial 4 Average 
99.90 81.90 86.28 71.16 81.96 73.89 74.38  76.74 
Static - 160.60 160.60 107.56 106.37 107.3  107.07 
120.54 111.87 91.82 85.09 86.95 86.82 82.97  85.58 
Static - 178.28 178.28 126.33 113.73 109.1  116.37 
138.60 133.60 88.97 84.66 90.19 89.4 87.57  89.05 
Static - 192.13 192.13 121.08 132.63 148.9 121.2 134.20 
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Table 8-Theoretical Force for CAFS 
Flowrate  Velocity  ∆V Initial Pressure Kink Force  
Theoretical 
Measured 
(ft3/s) (ft/s) (in³)  (psi) (lb) Force (lb) 
0.18 10.93 3.00 81.08 206.19 85.98 
0.00 0.00 3.00 160.60 120.45 120.45 
0.25 14.93 3.00 95.01 257.13 107.22 
0.00 0.00 3.00 178.28 133.71 133.71 
0.30 17.83 3.00 94.58 276.29 115.21 
0.00 0.00 3.00 192.13 144.09 144.09 
 
The actual measured values, shown in Figure 29, show a dip in the force required to kink the hose for 
both dynamic flow and static. This kind of behavior is also shown in the reaction force of water in Figure 
16 for the Task Force Tip Metro 1 ½” combination nozzle. Figure 16 shows a spike in the force around 
the same flowrate as the flowrates for the kink tests. This is either a discrepancy because the nozzle is 
fixed gallonage or it’s from error from human factors. The human factors I’m referring to include the 
way the test was performed, it was performed with someone carrying the hose to prevent it from 
kinking in two places. This human factor may have given us inaccurate data because it was done 
inconsistently, somewhere probably along the lines of ±15 lbs. It is the dip in the data for all the trials 
that is the consistency and can be logically concluded that it’s the discrepancy with the nozzle and the 
way it performs. It can be seen that when the theoretical data is compared to the actual measured 
values, there are a few similarities and a few differences. The theoretical data maps the actual data 
fairly well except for the unexpected dip in the values for water’s dynamic and static forces. 
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Figure 29-Kinking force for hose flowing water 
 
The same difference in magnitudes for the CAFS kinking theoretical and actual data is seen in 
Figure 30. In the theoretical calculations, the density for water is used for CAFS in the dynamic flow data. 
The density for CAFS is probably lower than water’s, but the assumption is reasonable because the 
composition is mostly water. The uncertainty in this assumption makes dynamic calculations off by 
±4.74 lb if we assume that the density of CAFS is not less than 75% of water’s density. This assumption is 
why the theoretical data is higher than the actual data for CAFS dynamic flow. For CAFS static kinking 
the density affects the change in volume. This again explains why the theoretical data may be 
overshooting the measured values and again giving us an uncertainty of ±4.74 lb. We can also 
hypothesize as to why the difference occurs by looking at the way separation occurs of foam and water 
in the hose and the fact that air is compressible. These factors are all contributing to why the theoretical 
data is larger than the actual data of CAFS static kinking forces and giving us an additional uncertainty of 
±5 lb. 
 
 -  
 50  
 100  
 150  
 200  
 250  
 300  
 -  
 50  
 100  
 150  
 200  
 250  
 300  
 -   50   100   150   200   250  
P
re
s
s
u
re
 (
p
s
i)
 
F
o
rc
e
 (
lb
) 
Flow Rate (GPM) 
Water - Flowing 
Water - Static 
Theoretical - Flowing 
Pressure - Static 
Theoretical - Static 
Pressure - Flowing 
42 
 
 
Figure 30-CAFS Kink Testing Data 
 
Figure 31 – A comparison of the forces required to kink water and CAFS. 
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Figure 32 – Water and pressure flowrate drop due to kinking 
 
Figure 33 – CAFS flowrate and pressure drop 
Figure 32 and Figure 33 depict the flow and pressure drop when the hose transitions from 
unkinked to kinked. The darkened areas of the figures represent the drop in flowrate or pressure. 
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Conclusions 
 
The data collected has given us a great deal of information to draw conclusions from. We can 
conclude that the forces required to kink a hose are greater for CAFS than for water. It can be seen that 
the force required to kink a static hose is greater than the force required to kink a dynamic flowing hose. 
Furthermore, we can conclude that the pressure and flowrate drop is greater as the flowrate increases 
for water in a kinked hose. Also, the pressure and flowrate drop remains relatively constant for CAFS 
flowing through a kinked hose. 
 
Recommendations 
 
For future use, there are a few things we would change about this test to remove some 
uncertainties. We would change how the hose is manipulated while performing the kink test because 
someone assisting the hose may relieve too much force for an accurate reading, so another rig would 
probably be needed to help assist the hose in its kinking process without rendering the test inaccurate. 
The test should be performed with a compensated gallonage nozzle to see if the same dip in force is 
seen like in the fixed gallonage nozzle. We would also recommend creating a similar apparatus used in 
the test in a stronger material, probably a strong metal such as steel because the wood holding the 
wood screws and brackets was becoming fatigued from the cyclic load being applied to it. 
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Friction Force Testing 
 
Introduction 
 
Anecdotal evidence from the Cambria Fire Department, along with findings reported during CAFS 
applications in Boston suggests that CAFS foam creates slippery ground surface conditions that pose a 
hazard to fire fighters.14 To test the validity of these assertions, we measured the friction force needed 
to pull a weighted fire fighter boot across 5 common ground surfaces in dry conditions, covered in 
water, and covered in CAFS. From this data, we can estimate the horizontal force needed for a fully-
equipped fire fighter to lose traction while walking. We also calculated the coefficients of friction for 
each surface test condition. 
 
Test Overview 
 
The surfaces tested include medium weave carpet, heavy weave carpet, vinyl tile, hardwood floor, and 
polished concrete. The surfaces were tested while completely dry, saturated with water, and saturated 
with agitated 0.3% CAFS foam solution. 
 
Testing was conducted by placing a weighted fire fighter boot on the test surface fixed in the friction 
test apparatus. Using metal cables, the boot was connected to one side of a force transducer, while the 
other side of the force transducer was connected to a winch (Figure 34). The winch was actuated, pulling 
the boot horizontally along the test surface. The tension data readings from the force transducer were 
transmitted to a data acquisition device and exported to a laptop for data collection and analysis. Tests 
were repeated three times while the surface was dry, and again while the surface was saturated with 
both water and agitated foam solution. All test results are located in Appendix C-3. Detailed testing 
procedures are located in Appendix B-3. 
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Figure 34-Equipment setup for friction tests 
 
 
Calculations 
 
Included in this section are schematics showing the friction force apparatus, free body diagrams for the 
boot and force transducer, and the calculations used to find the coefficients of friction. 
 
Figure 35-Friction force apparatus diagram 
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Figure 36-Free body diagram showing steady forces applied to boot 
 
 
Figure 37-Free body diagram of forces on force transducer 
 
Data was collected during steady conditions as the boot moved along the test surface with constant 
velocity. Observing the forces acting upon the boot, 
 
∑Fx = 0 
∑Fx = Ftension - Ffriction 
Ftension = Ffriction 
 
We arrive at the conclusion that the tension in the winch cable is equal to the force of friction resisting 
motion of the boot. 
Calculating the coefficient of friction, 
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∑Fy = 0 
∑Fy = -W + Fnormal 
Fnormal = W 
Combining equations and incorporating the defining equation for friction, 
Ffriction = µ∙Fnormal 
µ = Ffriction/Fnormal 
µ = Ftension/W 
We conclude that the coefficient of friction is calculated by dividing the tension acting upon the force 
transducer by the weight of the boot. 
Results  
 
Each friction test trial resulted in a graph similar to Figure 38, showing force over time. 
 
Figure 38-Force required to pull the boot along hardwood floor covered with CAFS foam solution. 
 
The shape of the above graph is characteristic of all test surfaces and conditions. The initial peak at t = 
48s in the figure above shows the force required to overcome the static friction between the fire boot 
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and the test surface. The short plateau from t = 55s to t = 75s represents the force required to pull the 
boot along the surface against the resistance of kinetic friction. The long, flat plateau from 80s to 150s is 
the tension in the cable after the winch was stopped and the boot remained stationary. 
The friction force results are summarized in Table 9 and Table 10and Figure 39 and Figure 40. Detailed 
results are located in Appendix C-3.  
 
Table 9-Summary of peak and steady forces required to pull fire fighter boot along each test surface under all 
test conditions. Values presented are the average of 3 test trials for each condition. 
 
Average Force (lb) 
 
Peak Steady 
 
Dry Water 
CAFS solution 
(0.3%) 
Dry Water 
CAFS solution 
(0.3%) 
Heavy 
Weave 
Carpet 
216.88 195.75 175.32 200.37 184.57 163.36 
Medium 
Weave 
Carpet 
234.39 184.40 173.75 210.98 174.63 159.79 
Vinyl Tile 167.69 105.05 77.73 160.17 94.08 62.01 
Polished 
Concrete 
121.87 132.73 125.08 110.44 122.19 112.51 
Hardwood 
Floor 
171.28 122.7 98.20 150.58 93.61 84.26 
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Coefficient of Friction 
 
Static Kinetic 
 
Dry Water 
CAFS solution 
(0.3%) 
Dry Water 
CAFS solution 
(0.3%) 
Heavy 
Weave 
Carpet 
1.05 0.95 0.85 0.97 0.90 0.80 
Medium 
Weave  
Carpet 
1.14 0.90 0.85 1.02 0.85 0.78 
Vinyl Tile 0.82 0.51 0.38 0.78 0.46 0.30 
Polished 
Concrete 
0.59 0.65 0.63 0.54 0.60 .055 
Hardwood 
Floor 
0.83 0.60 0.48 0.73 0.45 0.41 
Table 10-Summary of static and kinetic coefficients of friction between the fire fighter boot and each test 
surface under specified test conditions. Values presented are calculated using the average peak and 
steady forces required to pull the boot along the test 
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Figure 40-Average force required to sustain fire boot motion along each test surface, resisted by kinetic 
friction. Coefficients of friction are presented at the top of each datum bar. 
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Figure 39-Average force required to overcome static friction between the weighted fire fighter boot and each 
test surface. Coefficients of friction are presented at the top of each datum bar. 
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Table 11-Percent reduction of coefficients of friction due to the application of water and CAFS to dry 
surfaces. 
Percent Reduction of Coefficients of Friction for Water and CAFS 
 
Static Kinetic 
 
Water CAFS Water CAFS 
Heavy weave carpet 9.5 19.0 7.2 17.5 
Medium weave carpet 21.1 25.4 16.7 23.5 
Vinyl flooring 37.8 53.7 41.0 61.5 
Polished concrete -10.2 -6.8 -11.1 -1.85 
Hardwood floor 27.7 42.2 38.4 43.8 
 
Data Analysis 
 
Each trial resulted in a graph of force vs. time similar to the one depicted in Figure 38 above. The initial 
peak was averaged for 3 trials of each test condition and surface. To obtain kinetic friction data, we 
averaged the force exerted during the steady plateau period immediately following the peak, 
exemplified in Figure 38, for each test condition and surface. 
 
For the hardwood floor, vinyl floor, and concrete tests, the test result graphs all followed a similar trend 
of peak force followed by immediate drop to steady state sliding conditions. The peak forces that we 
averaged were the maximum force readings collected for each trial during the initial rise. The average 
kinetic friction forces are the mean forces associated with the section of steady force data immediately 
following the initial peak.  
 
The peak and steady state force data were more varied for the heavy and medium weave carpet tests. 
While a large initial peak was reached at the onset of motion, the forces required to sustain boot motion 
rapidly increased and decreased. This trend corresponds well to the motion of the boot as it moved 
along the test surface: rather than slide steadily along the surface with constant velocity, the boot 
bounced along at fluctuating rates, making the tension in the winch cable change quickly. This suggests 
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the boot was repeatedly overcoming bursts of static friction resistance rather than sliding smoothly 
along the surface impeded by kinetic friction forces. 
 
In last year’ senior project testing, the coefficients of friction were lower for almost all the test surfaces.1 
For hardwood floor, they found a higher coefficient of friction with water than with foam, contrary to 
our findings. Polished concrete had lower coefficients of friction, but agreed with our findings that the 
highest coefficient of friction was when the surface was covered in water. Last year’s team concluded 
that both carpets had the lowest coefficients of friction when dry and highest when covered in foam, 
but our results are the opposite. 
 
Key Findings: 
 
 The application of CAFS resulted in lower coefficients of static and kinetic friction than dry and 
wet conditions for all surfaces tested, except polished concrete. 
 CAFS reduced the coefficients of static and kinetic friction by more than half for vinyl flooring, 
frequently found in bathrooms and kitchens. 
 The static friction coefficient of hardwood flooring suffered a severe reduction due to the 
application of CAFS. 
 The static coefficients of friction for both types of carpeting were reduced by more than double 
when saturated with CAFS compared to water alone. 
 
Conclusion 
 
The results of our friction tests confirm the reports of dangerously slippery surfaces caused by the 
application of CAFS. The smaller coefficients of static friction result in a decreased force needed to 
induce slipping. Reductions in kinetic friction coefficients mean that once slipping has been initiated, fire 
fighters would have more difficulty recovering their balance, increasing the likelihood of injury sustained 
during fire attack. This trend is further developed in the previous senior project, which found that 
friction coefficients are lower for a slipping surface moving at a higher velocity.1 Struggling to maintain 
effective movement within buildings compromises fire fighters’ safeties and their ability to quickly 
access people or areas in need of attention during structural firefighting. 
 
The significant reduction in coefficients of friction associated with CAFS on hardwood and vinyl floor 
pose a significant risk to fire fighters because these surfaces are frequently used for moving between 
rooms in a residence, as in hallways, kitchens, and living rooms. 
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The amount of force necessary to induce slipping was highest for the carpeted surfaces, which is likely a 
result of the rapidly changing velocity of the boot as it skipped along the carpets. The quick bouncing 
along the carpet suggests the boot was actually repeatedly overcoming the static friction, rather than 
kinetic friction. For our data analysis we calculated the kinetic friction by using the average of all tension 
forces during the entire bouncing period, including troughs. While this resulted in a lower kinetic friction 
resistance than would likely induce slipping in practice, we find it acceptable to err on the side of 
caution. 
 
Recommendations:  
 
 Compare friction forces of boot moving at different velocities 
 Test additional surfaces 
 Reinforce the test surfaces to reduce bowing of the surface due to weight of boot 
 Incorporate more realistic foot motion that occurs during walking. Tests used a boot weighted 
flat against the test surface, which does not take into account the motion of a foot while 
walking. 
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Foam Separation Testing 
 
Introduction 
 
CAFS firefighting systems use a mixture of water, CAFS solution, and air to extinguish fires. Although 
evidence suggests the system shows a variety of improvements over water for putting out structural 
fires, there are disadvantages associated with its use. One such disadvantage is the possibility that the 
CAFS mixture in a charged line would separate into its constituents. 
 
In a charged vertical line, the air that would theoretically separate out would move upwards toward the 
nozzle due to its lower density than water and CAFS solution. As a result of the separation, the air that 
would collect at the top of the charged line would exit the nozzle before the water and solution. In 
theory, this could lead to a blast of air that would fuel the fire rather than extinguish it. This highly 
condensed air could have explosive results upon contact with the flames, which would put fire fighter’s 
safety and the containment of the fire in jeopardy. 
 
Initial Testing and Proof of Concept 
 
To test to see if air appreciably separates out of an attack line charged with CAFS, we assembled a long, 
clear test chamber made out of PVC pipe. The test chamber was 32’ in length and had a ball valve at 
each end which we be used to isolate the testing chamber. The pipe was oriented vertically and 
mounted to a supporting structure. A 1 ½” attack line was attached to the bottom of the chamber and a 
nozzle was attached at the top. Alongside the vertical pipe was a tape measure to see how much air 
would separate out (Figure 41). With both valves open, the attack line was allowed to flow through the 
test apparatus until the CAFS solution was fully developed. Once the flow reached steady conditions, the 
valves at the top and bottom were closed. Observations were then made to characterize the separation 
in the tube. 
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Figure 41- Initial foam separation test set up with 32 foot clear PVC apparatus. 
During the first testing session, we noticed that air bubbles seemed to separate out of the solution and 
move toward the top of the test chamber. We measured the location along the pipe at which the 
bubbles were forming during the 30 minute test. After about 16 minutes, we noticed a clear line of 
separation where the air was gathering near the midpoint of the tube (Figure 42). We recorded the 
change in its location over the time remaining in the test. This data is presented in Figure 43. The test 
was conducted 4 times, as time permitted. 
 
Figure 42- Water/foam separation line in 32 foot section of clear PVC pipe. 
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Figure 43-Results from foam separation tests. The blue line indicates the origin of the bubbles moving up the 
pipe, and the red line shows the location of the line of separation. 
 
At the end of the 4 trials, we concluded that our test method was not sufficient for characterizing the 
nature of CAFS foam separation. There were too many variables that we could not control with 
adequate certainty, such as the foam wetness and leaks at joints along the hose and test apparatus. The 
test also failed to account for air in the horizontal attack line connecting the fire truck to the test 
apparatus. Additionally, the lengthy 30 minute test duration prevented us from repeating the test more 
than 4 times and the testing did not represent realistic firefighting conduct: in practice, a charged attack 
line would never be left stationary for 30 minutes during an actual firefighting event. 
In response to the failures of the first testing session, we redesigned our test. 
 
Final Testing 
 
After considering the results of our initial tests, we redefined the focus of our experiment. For our final 
testing, we compared the amount of time it took for CAFS to resume well-developed flow after 5, 10, 
and 15 minute trials. 
 
For this test, we used 16’ of clear PVC fixed to an A-frame ladder (Figure 44). At the top of the test 
section we attached the nozzle, and we connected the bottom of the test apparatus to the fire truck 
using 200’ of attack line. Two hundred feet of hose would give a better mixture of CAFS and a greater 
volume of hose to encourage separation. We fixed a measuring tape along the length of the clear PVC. 
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Figure 44- Final foam separation test set up using 16 feet of clear PVC pipe secured to an A frame ladder 
 
We first allowed fully developed CAFS to flow through the test apparatus. The term “well-developed” 
refers to a thorough and homogenous mixing of air, solution, and water that steadily flows out of the 
nozzle. Once this flow was established, we closed only the top ball valve, leaving the nozzle open. We 
also left bottom ball valve open so air in the horizontal hose lying on the ground could access the test 
chamber, which more closely resembled real life conditions. We first allowed the solution to separate 
for 5 minutes. After 5 minutes had passed, we opened the valve and recorded the amount of time it 
took for fully developed flow to reestablish. We then increased separation time to 10 and 15 minutes 
and compared the time it took for steady flow to be achieved for each test period. 
 
Results and Analysis 
 
Table 12 below contains data collected for our final foam separation testing. 
Table 12-Summary data sheet for data collected for final foam separation testing, including time for 
homogenous CAFS flow to be developed, the pressure and air content of the test, and the length of the air that 
separated out of the 0.3% CAFS mixture. 
Time Required to Reconstitute Homogenous 0.3% CAFS Flow 
Separation 
Duration (min) 
Time To Fully Develop CAFS Flow (s) Pressure 
(psi) 
Air Content 
(cfm) 
Length of Air 
Separated 1 2 3 4 Average 
5 3.8 4.0 3.4 - 3.7 125 26 4' 8" 
10 4.9 3.6 3.6 - 4.0 120 28 4' 8" 
15 3.5 2.9 3.0 3.2 3.2 125 32 4' 2" 
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As the results above demonstrate, there was little variation in the amount of time required to 
reconstitute fully developed flow between 5, 10, and 15 minutes. Static pressure in the test chamber 
was approximately equal for all trials, while the air content of the CAFS increased slightly over the 
course of the study. However, the air content data is not precise because it was written down from the 
gauge on the fire truck, which had little precision or reliability. The length of the air separated was the 
same for both 5 and 10 minute trials, while the 15 minute trial resulted in a shorter column of air. This 
was unexpected due to the higher air content on the 15 minute trial, and the tendency for air to take 
time to separate, as noted in our proof of concept testing results.  
 
Key Findings 
 Amount of air separation varied little over the course of the testing 
 It takes 3-4 seconds for the CAFS solution to resume normal flowing after separation 
 During the time it took to resume normal flow after separation, bursts of air coming out 
of the line resulted in unpredictable reaction forces 
Conclusion 
 
Testing confirmed that air has a tendency to separate out of a charged CAFS line and move upwards 
toward the nozzle when the hose is oriented vertically. However, the amount of air that separates out of 
a CAFS charged line between 5 and 15 minutes showed little variation. It was also discovered that the 
amount of time that is required to resume fully developed homogenous CAFS flow shows little variation 
among all test periods. These findings suggest that the total volume of air that separates out of CAFS 
mixtures is mostly separated out in less than 5 minutes, which has important implications for fire 
fighters: air separates out of a charged CAFS line quickly. 
 
When the nozzle was opened, 3-4 seconds were required for normal flow to be resumed. In practice, it 
is important for fire fighters to be aware that a pocket of air may be located immediately behind the 
nozzle. To prevent fueling the fire with air or losing control of the line due to the unpredictable reaction 
forces when the line is opened, fire fighters should drain the air from the attack line before they aim the 
hose toward a fire. 
 
Recommendations 
 Decrease amount of separation time 
 Measure nozzle reaction forces during reestablishment of homogenous flow 
 Compare the amounts of air separation for different angles of test chamber 
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Appendix 
Appendix A – Equipment 
 
Appendix A.1- GL 220 Midilogger Technical Information 
 
 
 
GL220 main unit specifications 
Item Description 
Number of analog input 
channels 
10 ch 
External 
input/output 
Input *1 Trigger or Sampling input 1 ch, Logic or Pulse input 4 ch 
Output *1 Alarm output 4 ch 
Sampling interval 
10 ms to 1 h (in 10ms to 50ms, voltage only and limited channel), 
External 
Time scale 1 sec to 24 hour /division 
Trigger 
function 
Action Start or stop capturing data by the trigger 
Source 
Start: Off, Input signal, Alarm, External *1 , Clock, Week or Time 
Stop: Off, Input signal, Alarm, External *1 , Clock, Week or Time 
Combination OR or AND condition at the level of signal or edge of signal 
Condition 
Analog: Rising, Falling, Window-in, Window-out 
Pulse: Rising, Falling, Window-in, Window-out 
Logic: Rising or Falling 
Alarm function 
Detecting 
method 
Level or edge of signal 
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Condition 
Analog: Rising, Falling, Window-in, Window-out 
Pulse: Rising, Falling, Window-in, Window-out 
Logic: Rising, Falling 
Alarm output *1 4 channels, Output type: Open collector (pull-up resistor 10 kΩ) 
Pulse input 
function *1 
Accumulating 
count mode 
Accumulating the number of pulses from the start of measurement 
Range: 50, 500, 5 k, 50 k, 500 k, 5 M, 50 M, 500 M counts/F.S. 
Instant count 
mode 
Counting the number of pulses per sampling interval 
Range: 50, 500, 5 k, 50 k, 500 k, 5 M, 50 M, 500 M counts/F.S. 
Rotation count 
(RPM) mode 
Counting the number of pulses per second and then it is converted to 
RPM 
Range: 50 rpm, 500 rpm, 5 krpm, 50 krpm, 500 krpm, 5 Mrpm, 50 
Mrpm, 500 Mrpm /F.S. 
Max. input pulse 
rate 
50 k pulses/sec or 50k counts per sampling interval, 16 bits counter is 
used 
Calculation 
function 
Between 
channels 
Addition, Subtraction, Multiplication and Division for analog input 
Statistical Select two calculations from Average, Peak, Max., Min., RMS 
Search function 
Search for analog signal levels, values of logic or pulse or alarm point in 
captured data 
Interface to PC USB (Full speed) 
Storage device Built-in Flash memory (2 giga-bytes), USB memory device *2 
Data saving 
function 
Captured data Direct saving of data into built-in Flash memory or USB memory device 
Others Setting conditions, Screen copy 
Ring capturing mode 
Function: ON/OFF, Number of capturing point: 1,000 to 2,000,000 
(Size of the capture data will be limited to 1/3 of available memory) 
USB memory device emulation 
USB Memory emulation mode (Transfer or delete the file in built-in 
memory) 
Engineering scale function 
Set based on the reference point of the scaled output and input signal 
for each channel (Voltage measurement: four points are necessary to 
scale the output, Temperature measurement: two points are necessary 
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to scale the output). 
Display 
Size 4.3 inch TFT color LCD (WQVGA: 480 x 272 dots) 
Formats 
Waveform + Digital, Waveform only, Calculation + Digital, Expanded 
digital 
Operating environment 
0 to 45 °C, 5 to 85 %RH 
(When operating with battery pack 0 to 40 °C, charging battery 15 to 
35 °C) 
Power source 
AC adapter (100 to 240 V, 50/60 Hz), DC power (8.5 to 24 V DC, max. 
26.4 V) *3 , 
Battery pack *3 
Power consumption 29 VA or lower (when operating with AC adapter, displaying LCD) 
External dimensions (W×D×H) approx. 194 x 117 x 42 mm 
Weight approx. 520 g (Excluding AC adapter and battery pack) 
*1 
Logic alarm cable (B-513) option is required. 
Input signal of External sampling, Logic, Pulse; Maximum voltage: 24 V, Threshold: approx. 2.5 V, 
Hysteresis: approx. 0.5 V. 
*2 
Size of the USB memory device is unlimited. Maximum file size is limited to 2GB. 
*3 
DC drive cable (B-514) or battery pack (B-517) option is required. 
Analog input specifications 
Item Description 
Type of input terminal Screw terminal (M3 screw) 
Input method 
Scans by the photo-MOS-relay, all channels isolated, 
balanced input 
Measurement 
range 
Voltage 
20, 50, 100, 200, 500 mV, 1, 2, 5, 10, 20, 50 V, and 1-5 V 
/F.S. 
Temperature Thermocouple: K, J, E, T, R, S, B, N, and W (WRe5-26) 
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Humidity 
0 to 100% (using humidity sensor (B-530 optional), 
power is supplied to only one sensor) 
Filter 
Off, 2, 5, 10, 20, 40 (moving average in selected 
number) 
Measurement 
accuracy *4 
Voltage 0.1 % of F.S. 
Temperature 
Thermocouple Measurement range Measurement Accuracy 
R/S 
0 °C ≤ TS ≤ 100 °C 
100 °C < TS ≤ 300 °C 
R: 300 °C < TS ≤ 1600 °C 
S: 300 °C < TS ≤ 1760 °C 
± 5.2 °C 
± 3.0 °C 
± (0.05 % of reading + 2.0 °C) 
± (0.05 % of reading + 2.0 °C) 
B 
400 °C ≤ TS ≤ 600 °C 
600 °C < TS ≤ 1820 °C 
± 3.5 °C 
± (0.05 % of reading + 2.0 °C) 
K 
-200 °C ≤ TS ≤ -100 °C 
-100 °C < TS ≤ 1370 °C 
± (0.05 % of reading + 2.0 °C) 
± (0.05 % of reading + 1.0 °C) 
E 
-200 °C ≤ TS ≤ -100 °C 
-100 °C < TS ≤ 800 °C 
± (0.05 % of reading + 2.0 °C) 
± (0.05 % of reading + 1.0 °C) 
T 
-200 °C ≤ TS ≤ -100 °C 
-100 °C < TS ≤ 400 °C 
± (0.1 % of reading + 1.5 °C) 
± (0.1 % of reading + 0.5 °C) 
J 
-200 °C ≤ TS ≤ -100 °C 
-100 °C < TS ≤ 100 °C 
100 °C < TS ≤ 1100 °C 
± 2.7 °C 
± 1.7 °C 
± (0.05 % of reading + 1.0 °C) 
N 0 °C ≤ TS ≤ 1300 °C ± (0.1 % of reading + 1.0 °C) 
W 0 °C ≤ TS ≤ 2000 °C ± (0.1 % of reading + 1.5 °C) 
  Reference Junction Compensation (R.J.C.): ±0.5 °C 
A/D converter 
ΣΔ type, 16 bits (effective resolution: 1/40,000 of 
measuring full range) 
Maximum input 
voltage 
Between + / - terminal 60 V p-p 
Between channels 60 V p-p 
Between channel / GND 60 V p-p 
Withstand voltage Between channels 350 V p-p (1 minute) 
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Between channel(-)/ GND 350 V p-p (1 minute) 
*4 
Subject to the following conditions; 
• Room Temperature is 23°C ±5°C. 
• When 30 minute or more have elapsed after power was turned on. 
• Filter is set to 10. 
• Sampling rate is set to 1s with 10 channels. 
• GND terminal is connected to the ground. 
Software specifications 
Item Description 
Supported OS Windows XP / Vista / 7 (32 bits and 64 bits edition) 
Functions Control GL220, Real-time data capture, Replay data, Data format conversion 
GL220 settings 
control 
Input settings, Memory settings, Alarm settings, Trigger settings 
Captured data 
Transfers data in real-time (in binary or CSV format), saved data in GL220 or the 
USB memory 
Displayed 
information 
Analog waveforms, Logic waveforms, Pulse waveforms, Digital values 
Display modes 
Y-T waveforms, Digital values, Report, X-Y graph (specified period of data, data 
replay only) 
Warning functions Sends E-mail to the specified address when the alarm occurred 
File format 
conversions 
Converts the specified period data or all data to the CSV format (thinning function 
is available) 
Report functions Creates a daily or monthly report automatically (can also export directly to Excel) 
Displayed Max. Min. Displays the maximum, minimum and current value in measurement 
Standard accessories 
Item Description Quantity 
AC adapter 100 to 240 V AC, 50 / 60 Hz (with specified type of power cord) 1 set 
CD-ROM User’s manual (PDF format), Application software 1 piece 
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Quick Start Guide  1 copy 
 
 
 
Appendix A-2 – Wiring Diagram 
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Appendix A-3 – Omega S Beam Load Cell Technical Information 
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Appendix A-4 – Turbine Flowmeter Information 
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Appendix A-5 – Omega Pressure Transducer Technical Information 
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Appendix A-6 – Task Force Tips Metro 1 ½” Combination Nozzle 
Technical Information 
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Appendix B – Testing Procedures 
Appendix B-1 – Reaction Force Measurement Testing Procedures 
 
Equipment:     
Water Tender 57 
Nozzle Reaction Apparatus 
Concrete form stakes 
            1 ¾” hose 
              2 ½” hose 
TFT 1 ½” combination nozzle 
TFT 2 ½” combination nozzle 
Smooth bore nozzle 
Load Cell 
         Flow Meter 
         Data Logger 
1 ½” Male to Male Adapter 
1 ½” Female to Female Adapter 
         2 ½” Female NH to 2” Male NPT Adapter 
               2 ½” Male NH to 2” Male NPT Adapter 
Flat-tip screw driver 
 
Apparatus Set up 
1. Install load cell underneath rotating nozzle holder. Connect load cell to data logger. 
2. Using stake, secure front of nozzle reaction apparatus down on both sides on level, flat surface. 
3. Secure 1 ½” double male and double female adapters under collar using screwdriver. Orient 
nozzle holder with male end facing out (away from force transducer). 
4. Attach smooth bore nozzle to male end in front and handle to female end. Ensure 2  lugs on 
nozzle are locked against front of wood. Connect 1 ¾” hose between truck and apparatus. 
Flow Meter 
1. Connect flow meter to truck using 2 ½” Female NH to 2” Male NPT adapter and to 2 ½ ” line 
using 2“ Male NPT to 2 ½” Male NH adapter. Connect 2 ½” line to hydrant and flow meter. 
Connect flow meter to data logger. 
2. Ensure tank is bypassed so intake flow rate equals output at nozzle.  
3. Open hydrant slowly to avoid damaging flow meter, allowing the line to become fully charged. 
Testing Procedures 
1. Measure reaction force of water flowing with steady conditions when flow meter displays 100 
GPM. Allow hose to flow for 30 seconds before closing nozzle. 
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2. Repeat 3 times, each test 30 seconds in length recording flow rate and force simultaneously. 
3. Repeat above procedures increasing flow rate in 20 GPM increments up to 200 GPM. 
4. Repeat tests for water between 100 and 200 GPM with all three nozzles 
5. After all water tests have been completed, repeat same procedures with CAFS for all tree 
nozzles from 80 to 140 GPM in 20 GPM intervals. 
Appendix B-2  - Kink and Pressure Testing – Conducted 
Simultaneously 
 
Equipment 
Cambria FD water tender 57 
Reaction force apparatus 
2 rebar stakes 
Kink test apparatus 
8 8” field stakes 
Flow meter 
200’ x 1.75”  attack line 
200’ x 2.5” feed line 
Pressure transducer 
3 nozzles: 
1 ¼” smooth bore nozzle 
1 ½” TFT Metro 1 combination nozzle from Montgomery 
1 ½” combination nozzle from Cambria 
Winch and winch apparatus 
Winch cable 
Force transducer 
Data Logger 
Engineering pad and paper 
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Setup 
1 Using 2 rebar stakes, secure the reaction force apparatus to the field with the water tender nearby. 
2 Using 4 8” field stakes, secure the kink test apparatus to the field between the reaction force 
apparatus and the water tender. 
3 Attach the flow meter to the inlet on the water tender. 
4 Connect the hydrant to the flow meter using the feed line. 
5 Connect the attack line to the water tender outlet. 
6 Connect the pressure transducer to the end of the 200’ attack line. 
7 Connect the first test nozzle to the end of the pressure transducer. 
8 Guide the attack line through the kink test apparatus and fix the nozzle to the reaction force 
apparatus. 
9 Using 4 8” field stakes, secure the winch and winch apparatus to the field close to the kink test 
apparatus at an angle perpendicular to the direction of the attack line. 
10 Connect the winch cable and force transducer to the kink test apparatus at an angle perpendicular 
to the attack line. 
11 Connect the flow meter, pressure transducer and force transducer leads to the data logger. 
12 Connect the data logger to the laptop. 
13 Activate data logger application on laptop. 
14 On the engineering pad, write down the test conditions under which tests will be performed, 
including data on type of nozzle, type of liquid flowing, flow rates to be tested, air content of CAFS 
solution, and the gage pressure reading on the water tender pump. 
 
 
 
 
Test Procedure 
1 Run water through the attack line at the minimum flow rate specified in detailed order of testing 
below. 
2 Close the nozzle once target flow rate is reached. 
3 Begin collecting data on the laptop. 
4 Allow static pressure to stabilize in the hose. 
5 Open nozzle and allow the flow to achieve steady conditions for at least 10 seconds. 
6 Write down the digital pressure reading on the water tender pump. 
7 Activate the winch, kinking the hose and collecting force necessary to kink. 
8 Once kinked, release the winch to relieve the kink. 
9 Repeat steps 7 and 8. 
10 Close the nozzle at the reaction force apparatus. 
11 Allow steady state conditions to be established. 
12 Write down the digital pressure reading on the water tender pump. 
13 Kink the charged line. 
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14 Release the kink. 
15 Repeat steps 13 and 14. 
16 Stop data collection and save data. 
17 Write down the name of the excel file created under the appropriate heading on the engineering 
pad. 
18 Open the nozzle. 
19 Increase flow rate by amount specified in detailed order of testing below. 
20 Repeat steps 2-19 until the maximum flow rate for which reaction force data exists is reached. 
21 After pressure and kinking force data for both charged and flowing lines is collected over the entire 
span of reaction force data, move on to the next nozzle. 
22 Repeat steps 1-21 for CAFS. 
23 Repeat steps 1-22 for all 3 nozzles. 
 
 
Testing order for kink, pressure, and reaction force: 
All tests are to be conducted with nozzle open for at least 30 seconds to allow steady conditions to 
become fully developed.  
Water: 
 Task Force Tips 1 ½” combination nozzle – 100, 120, 140, 160, 180, 200 gpm 
 Elkhart Brass 1 ½” combination nozzle – 100, 120, 140, 160, 180, 200 gpm 
 1 ¼” smooth bore nozzle – 100, 120, 140, 160, 180, 200 gpm 
CAFS: 
 Task Force Tips 1 ½” combination nozzle – 80,100, 120, 140 gpm 
 Elkhart Brass 1 ½” combination nozzle – 80, 100, 120, 140 gpm 
 1 ¼” smooth bore nozzle – 70, 80, 100, 120, 140 gpm 
 
Appendix B-3 - Friction Testing Procedures 
 
Equipment 
Friction test apparatus 
Test surfaces: heavy weave carpet, medium weave carpet, vinyl floor, hardwood floor, polished concrete 
Winch 
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Winch cable 
Data logger 
S-beam force transducer 
Laptop computer 
Water 
0.3% CAFS foam solution 
Modified fire fighter boot with hook and weight post 
4 45 lb iron plate weights 
2 10 lb iron plate weights 
 
Setup  
1. Connect force transducer to data logger and data logger to computer 
2. Place test surface in friction test apparatus 
3. Place boot on test surface 
4. Add 200 lb of weight to boot post 
5. Connect winch cable to boot hook and force transducer 
6. Connect force transducer to winch cable 
 
Test Procedure 
1. Begin data collection on computer 
2. Activate winch, pulling the boot along the dry test surface 
3. End data collection on computer and save data 
4. Repeat steps 1-3 a total of 3 times 
5. Add water to the test surface, providing complete coverage or saturation 
6. Begin data collection on computer 
7. Activate winch, pulling the boot along the wetted surface 
8. End data collection on computer and save data 
9. Repeat steps 6-8 a total of 3 times 
10. Add agitated 0.3% CAFS foam solution to the test surface, providing complete coverage or saturation 
11. Begin data collection on computer 
12. Activate winch, pulling the boot along the CAFS surface 
13. End data collection on computer and save data 
14. Repeat steps 1-13 for all test surfaces 
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Appendix B-4 - Foam Separation Testing Procedures 
 
Equipment 
2x8’ end sections of pipe with valves 
3 Stopwatches 
Videocamera 
Measuring Tape 
 
Setup 
1. Connect 200 foot line of hose to one end of PVC pipe and nozzle directly onto the other end. 
2. Secure the 16’ of PVC pipe vertically up the side of an A-frame ladder with nozzle at the top. 
3. Attach measuring tape to pipe with zero at top. 
 
Experimental Procedures 
1. Begin videotaping tube. 
2. At normal operating parameters for CAFS (Defined by Cambria engineer), flow through hose and tube 
until flow is steady. 
3. Close nozzle and begin timing.   
4. After 5 minutes, measure height of separation in tube. 
5. Open nozzle and start stopwatch (Three timers). Stop timing when steady flow is reestablished. 
6. Record times and height of separation on data sheet. 
6. Repeat again at 5 minutes and then repeat twice at 10 and 15 minutes. 
7. After tests at 15 minutes, if there is no change in time to reestablish flow, perform next test at 30 
minutes. If noticeable difference in time to reestablish flow at 30 minute test, move back down to 20 
and 25 minute tests. 
8. Perform friction testing while trials are being timed. 
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Appendix C – Test Data 
Appendix C-1 - Reaction Force Data 
Task Force Metro 1 ½” Combination Nozzle, Water 
 
 
Figure 45-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 1 
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Figure 46-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 2 
 
Figure 47-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 3 
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Figure 48-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 4 
 
Figure 49-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 120 GPM Trial 1 
83 
 
 
Figure 50-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 120 GPM Trial 2 
 
Figure 51-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 120 GPM Trial 3 
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Figure 52-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 120 GPM Trial 4 
 
Figure 53-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 140 GPM Trial 1 
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Figure 54-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 140 GPM Trial 2 
 
Figure 55-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 140 GPM Trial 3 
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Figure 56-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 140 GPM Trial 4 
 
Figure 57-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 160 GPM Trial 1 
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Figure 58-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 160 GPM Trial 2 
 
Figure 59-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 160 GPM Trial 3 
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Figure 60-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 160 GPM Trial 4 
 
Figure 61-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 180 GPM Trial 1 
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Figure 62-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 180 GPM Trial 2 
 
Figure 63-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 180 GPM Trial 3 
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Figure 64-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 180 GPM Trial 4 
 
Figure 65-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 200 GPM Trial 1 
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Figure 66-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 200 GPM Trial 2 
 
Figure 67-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 200 GPM Trial 3 
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Figure 68-Task Force Tips Metro 1 1 1/2" Combination Nozzle - Water @ 200 GPM Trial 4 
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Task Force Metro 1 ½” Combination Nozzle,CAFS 
 
Figure 69-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 80 GPM Trial 1 
 
Figure 70-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 80 GPM Trial 2 
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Figure 71-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 80 GPM Trial 3 
 
Figure 72-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 100 GPM Trial 1 
95 
 
 
Figure 73-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 100 GPM Trial 2 
 
Figure 74-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 100 GPM Trial 3 
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Figure 75-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 1 
 
Figure 76-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 2 
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Figure 77-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 3 
 
Figure 78-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 140 GPM Trial 1 
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Figure 79-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 2 
 
Figure 80-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 3 
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Figure 81-Task Force Tips Metro 1 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 4 
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Elkhart Brass SM 20FG 1 ½” Combination Nozzle, Water 
 
 
Figure 82 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 1 
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Figure 83 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 2 
 
Figure 84 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 3 
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Figure 85 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 100 GPM Trial 4 
 
Figure 86 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 120 GPM Trial 1 
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Figure 87 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 120 GPM Trial 2 
 
Figure 88 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 120 GPM Trial 3 
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Figure 89 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 140 GPM Trial 1 
 
Figure 90 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 140 GPM Trial 2 
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Figure 91 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 140 GPM Trial 3 
 
Figure 92 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 160 GPM Trial 1 
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Figure 93 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 160 GPM Trial 2 
 
Figure 94 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 160 GPM Trial 3 
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Figure 95 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 180 GPM Trial 1 
 
Figure 96 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 180 GPM Trial 2 
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Figure 97 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 180 GPM Trial 3 
 
Figure 98 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 200 GPM Trial 1 
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Figure 99 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 200 GPM Trial 2 
 
Figure 100 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - Water @ 200 GPM Trial 3 
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Elkhart Brass SM 20FG 1 ½” Combination Nozzle, CAFS 
 
 
Figure 101 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 80 GPM Trial 1 
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Figure 102 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 80 GPM Trial 2 
 
Figure 103 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 80 GPM Trial 3 
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Figure 104 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 100 GPM Trial 1 
 
Figure 105 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 100 GPM Trial 2 
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Figure 106 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 1 
 
Figure 107 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 2 
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Figure 108 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 120 GPM Trial 3 
 
Figure 109 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 140 GPM Trial 1 
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Figure 110 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 140 GPM Trial 2 
 
Figure 111 - Elkhart Brass SM 20FG 1 1/2" Combination Nozzle - CAFS @ 140 GPM Trial 3 
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Task Force Tips 1 ¼”  Smooth Bore Nozzle, Water 
 
Figure 112: Task Force Tips 1 ¼” Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 100 GPM, trial 
1
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Figure 113: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 100 GPM, trial 2
 
Figure 114: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 120 GPM, trial 1
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Figure 115: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 120 GPM, trial 2
 
Figure 116: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 120 GPM, trial 3
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Figure 117: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 140 GPM, trial 1
 
Figure 118: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 140 GPM, trial 2
 
-20 
0 
20 
40 
60 
80 
100 
120 
140 
160 
-20 
0 
20 
40 
60 
80 
100 
120 
140 
160 
0 5 10 15 20 25 
Fl
o
w
ra
te
 (
G
P
M
) 
Fo
rc
e
 (
lb
) 
Time (s) 
Force 
Flowrate 
-30 
-10 
10 
30 
50 
70 
90 
110 
130 
150 
-30 
-10 
10 
30 
50 
70 
90 
110 
130 
150 
0 2 4 6 8 10 12 14 16 
Fl
o
w
ra
te
 (
G
P
M
) 
Fo
rc
e
 (
lb
) 
Time (s) 
Force 
Flowrate 
120 
 
Figure 119: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 140 GPM, trial 3
 
Figure 120: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 160 GPM, trial 1
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Figure 121: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 160 GPM, trial 2
 
Figure 122: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 160 GPM, trial 3
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Figure 123: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 160 GPM, trial 4
 
Figure 124: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 180 GPM, trial 1
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Figure 125: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 180 GPM, trial 2
 
Figure 126: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 180 GPM, trial 3
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Figure 127: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 200 GPM, trial 1
 
Figure 128: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 200 GPM, trial 2
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Figure 129: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 200 GPM, trial 3
 
Figure 130: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing water at 200 GPM, trial 3
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Task Force Tips 1 ¼”  Smooth Bore Nozzle, CAFS 
 
Figure 131: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 70 GPM, trial 1 
 
Figure 132: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 70 GPM, trial 2 
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Figure 133: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 70 GPM, trial 3 
 
Figure 134: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 80 GPM, trial 1 
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Figure 135: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 80 GPM, trial 2 
 
Figure 136: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 80 GPM, trial 3 
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Figure 137: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 100 GPM, trial 1
 
Figure 138: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at100 GPM, trial 2
 
-20 
0 
20 
40 
60 
80 
100 
120 
-20 
0 
20 
40 
60 
80 
100 
120 
0 10 20 30 40 50 60 70 
Fl
o
w
ra
te
 (
G
P
M
) 
Fo
rc
e
 (
lb
) 
Time (s) 
Force 
Flowrate 
-40 
-20 
0 
20 
40 
60 
80 
100 
120 
140 
-40 
-20 
0 
20 
40 
60 
80 
100 
120 
140 
0 10 20 30 40 50 60 
Fl
o
w
ra
te
 (
G
P
M
) 
Fo
rc
e
 (
lb
) 
Time (s) 
Force 
Flowrate 
130 
 
Figure 139: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 100 GPM, trial 3
 
Figure 140: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 120 GPM, trial 1
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Figure 141: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 120 GPM, trial 2
 
Figure 142: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 120 GPM, trial 3
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Figure 143: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 120 GPM, trial 4
 
Figure 144: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 140 GPM, trial 1
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Figure 145: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 140 GPM, trial 2
 
Figure 146: Task Force Tips 1 ¼” Smooth Bore Nozzle flowing 0.3% CAFS solution at 140 GPM, trial 3
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Appendix C-2 - Pressure and Hose Kinking Data 
Task Force Tips Metro 1 ½” Combination Nozzle, Water 
 
Figure 147 - Kink Test - Water @ 100 GPM Trial 1 
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Figure 148 - Kink Test - Static Water @ 100 GPM Trial 1 
 
Figure 149 - Kink Test - Water @ 100 GPM Trial 2 
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Figure 150 -Kink Test - Static Water @ 100 GPM Trial 2 
 
Figure 151 - Kink Test - Water @ 100 GPM Trial 3 
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Figure 152 - Kink Test - Static Water @ 100 GPM Trial 3 
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Figure 153 - Kink Test - Water @ 120 GPM Trial 1 
 
Figure 154 - Kink Test - Static Water @ 120 GPM Trial 1 
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Figure 155 - Kink Test - Water @ 120 GPM Trial 2 
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Figure 156 - Kink Test - Static Water @ 120 GPM Trial 2 
 
Figure 157 - Kink Test - Water @ 120 GPM Trial 3 
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Figure 158 - Kink Test - Static Water @ 120 GPM Trial 3 
 
Figure 159 - Kink Test - Water @ 140 GPM Trial 1 
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Figure 160 - Kink Test - Static Water @ 140 GPM Trial 1 
 
Figure 161 - Kink Test - Water @ 140 GPM Trial 2 
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Figure 162 - Kink Test - Static Water @ 140 GPM Trial 2 
 
Figure 163 - Kink Test - Water @ 140 GPM Trial 3 
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Figure 164 - Kink Test - Static Water @ 140 GPM Trial 3 
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Figure 165 - Kink Test - Water @ 160 GPM Trial 1 
 
Figure 166 - Kink Test - Static Water @ 160 GPM Trial 1 
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Figure 167 - Kink Test - Water @ 160 GPM Trial 2 
 
Figure 168 - Kink Test - Static Water @ 160 GPM Trial 2 
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
0 
10 
20 
30 
40 
50 
60 
70 
80 
0 50 100 150 200 
Fl
o
w
ra
te
 (
G
P
M
) 
Fo
rc
e 
(l
b
),
 P
re
ss
u
re
 (
p
si
) 
Time (ds) 
CH1 lb 
CH3 psi 
Pulse1 
GPM 
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
0 
10 
20 
30 
40 
50 
60 
70 
80 
0 50 100 150 200 250 
P
re
ss
u
re
 (
p
si
) 
Fo
rc
e 
(l
b
) 
Time (ds) 
CH1 lb 
CH3 psi 
147 
 
 
Figure 169 - Kink Test - Water @ 160 GPM Trial 3 
 
Figure 170 - Kink Test - Static Water @ 160 GPM Trial 3 
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Figure 171 - Kink Test - Water @ 180 GPM Trial 1 
 
Figure 172 - Kink Test - Static Water @ 180 GPM Trial 1 
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Figure 173 - Kink Test - Water @ 180 GPM Trial 2 
 
Figure 174 - Kink Test - Static Water @ 180 GPM Trial 2 
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Figure 175 - Kink Test - Water @ 180 GPM Trial 3 
 
Figure 176 - Kink Test - Static Water @ 180 GPM Trial 3 
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Figure 177 - Kink Test - Water @ 200 GPM Trial 1 
 
Figure 178 - Kink Test - Static Water @ 200 GPM Trial 1 
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Figure 179 - Kink Test - Water @ 200 GPM Trial 2 
 
Figure 180 - Kink Test - Static Water @ 200 GPM Trial 2 
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Figure 181 - Kink Test - Water @ 200 GPM Trial 3 
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Figure 182 - Kink Test - Static Water @ 200 GPM Trial 3 
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Task Force Tips Metro 1 ½” Combination Nozzle, CAFS 
 
Figure 183-Kink Test – CAFS @ 80GPM Trial 1 
 
Figure 184-Kink Test - CAFS @ 80GPM Trial 2 
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Figure 185-Kink Test - CAFS @ 100GPM Trial 1 
 
Figure 186-Kink Test - CAFS @ 100 GPM Trial 2 
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Figure 187-Kink Test - CAFS @ 100GPM Trial 3 
 
Figure 188-Kink Test - Static CAFS @ 100GPM Trial 1 
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Figure 189-Kink Test - Static CAFS @ 100GPM Trial 2 
 
Figure 190-Kink Test - Static CAFS @ 100GPM Trial 3 
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Figure 191-Kink Test - CAFS @ 120GPM Trial 1 
 
Figure 192-Kink Test - CAFS @ 120GPM Trial 2 
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Figure 193-Kink Test - CAFS @ 120GPM Trial 3 
 
Figure 194-Kink Test - Static CAFS @ 120GPM Trial 1 
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Figure 195-Kink Test - Static CAFS @ 120GPM Trial 2 
 
Figure 196-Kink Test - Static CAFS @ 120GPM Trial 3 
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Figure 197-Kink Test - CAFS @ 140GPM Trial 1 
 
Figure 198-Kink Test - CAFS @ 140GPM Trial 2 
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Figure 199-Kink Test - CAFS @ 140GPM Trial 3 
 
Figure 200-Kink Test - Static CAFS @ 140GPM Trial 1 
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Figure 201-Kink Test - Static CAFS @ 140GPM Trial 2 
 
Figure 202-Kink Test - Static CAFS @ 140GPM Trial 3 
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Figure 203-Kink Test - Static CAFS @ 140GPM Trial 4 
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Appendix C-3 – Friction Data 
Heavy Weave Carpet- Dry 
 
Figure 204: Heavy Weave Carpet, Dry, Trial 1 
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Figure 205: Heavy Weave Carpet, Dry, Trial 2 
 
Figure 206: Heavy Weave Carpet, Dry, Trial 3 
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Heavy Weave Carpet – Wet 
 
Figure 207: Heavy Weave Carpet, Wet, Trial 1 
 
Figure 208: Heavy Weave Carpet, Wet, Trial 2 
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Figure 209: Heavy Weave Carpet, Wet, Trial 3 
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Heavy Weave Carpet – 0.3% CAFS Foam Solution 
 
Figure 210: Heavy Weave Carpet, 0.3% CAFS Foam Solution, Trial 1 
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Figure 211: Heavy Weave Carpet, 0.3% CAFS Foam Solution, Trial 2 
 
Figure 212: Heavy Weave Carpet, 0.3% CAFS Foam Solution, Trial 3 
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Figure 213: Heavy Weave Carpet, 0.3% CAFS Foam Solution, Trial 4 
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Polished Concrete – Dry 
 
Figure 214: Polished Concrete, Dry, Trial 1 
 
Figure 215: Polished Concrete, Dry, Trial 2 
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Figure 216: Polished Concrete, Dry, Trial 3 
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Polished Concrete – Wet 
 
Figure 217: Polished Concrete, Wet, Trial
 
Figure 218: Polished Concrete, Wet, Trial 2 
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Figure 219: Polished Concrete, Wet, Trial 3 
 
Figure 220: Polished Concrete, Wet, Trial 4 
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Polished Concrete – 0.3% CAFS Foam Solution 
 
Figure 221: Polished Concrete, 0.3% CAFS Foam Solution, Trial 1 
 
Figure 222: Polished Concrete, 0.3% CAFS Foam Solution, Trial  2 
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Figure 223: Polished Concrete, 0.3% CAFS Foam Solution, Trial  3 
 
Figure 224: Polished Concrete, 0.3% CAFS Foam Solution, Trial  4 
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Hardwood Floor – Dry 
 
Figure 225: Hardwood Floor, Dry, Trial 1 
 
Figure 226: Hardwood Floor, Dry, Trial 2 
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Figure 227: Hardwood Floor, Dry, Trial 3 
 
Figure 228: Hardwood Floor, Dry, Trial 4 
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Hardwood Floor – Wet 
 
Figure 229: Hardwood Floor, Wet, Trial 1 
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Figure 230: Hardwood Floor, Wet, Trial  2 
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Figure 231: Hardwood Floor, Wet, Trial  3 
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Hardwood Floor – 0.3% CAFS Foam Solution 
 
Figure 232: Hardwood Floor, 0.3% CAFS Foam Solution, Trial 1 
 
Figure 233: Hardwood Floor, 0.3% CAFS Foam Solution, Trial 2 
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Vinyl Tile – Dry 
 
Figure 234: Vinyl Tile, Dry, Trial 1
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Figure 235: Vinyl Tile, Dry, Trial 2 
 
Figure 236: Vinyl Tile, Dry, Trial 3 
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Figure 237: Vinyl Tile, Dry, Trial 4 
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Vinyl Tile – Wet 
 
Figure 238: Vinyl Tile, Wet, Trial 1 
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Figure 239: Vinyl Tile, Wet, Trial 2 
 
Figure 240: Vinyl Tile, Wet, Trial 3 
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Vinyl Tile – 0.3% CAFS Foam Solution 
 
Figure 241: Vinyl Tile, 0.3% CAFS Foam Solution, Trial 1 
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Figure 242: Vinyl Tile, 0.3% CAFS Foam Solution, Trial 2 
 
Figure 243: Vinyl Tile, 0.3% CAFS Foam Solution, Trial 3 
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Medium Weave Carpet – Dry 
 
Figure 244: Medium Weave Carpet, Dry, Trial 1 
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Figure 245: Medium Weave Carpet, Dry, Trial 2 
 
Figure 246: Medium Weave Carpet, Dry, Trial 3 
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Medium Weave Carpet – Wet 
 
Figure 247: Medium Weave Carpet, Wet, Trial 1 
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Figure 248: Medium Weave Carpet, Wet, Trial 2 
 
Figure 249: Medium Weave Carpet, Wet, Trial 3 
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Medium Weave Carpet – 0.3% CAFS Foam Solution 
 
Figure 250: Medium Weave Carpet, 0.3% CAFS Foam Solution, Trial 1 
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Figure 251: Medium Weave Carpet, 0.3% CAFS Foam Solution, Trial 2 
 
Figure 252: Medium Weave Carpet, 0.3% CAFS Foam Solution, Trial 3 
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